We compared the surface free energies and enamel bond strengths of single-step self-etch adhesives with and without an oxygeninhibited layer. The adhesives were applied to the enamel surfaces of bovine incisors, light irradiated, and the oxygen-inhibited layer was either retained or removed with ethanol. The surface free energies and their components (γS LW , γS + , and γS − ) were determined by measuring the contact angles of three test liquids placed on the cured adhesives. The enamel bond strengths of specimens with and without the oxygen-inhibited layer were measured. For all surfaces, the value of the estimated surface tension component γS LW was relatively constant. The value of the γS + component increased slightly when the oxygen-inhibited layer was removed, whereas that of the γS − component decreased significantly. The enamel bond strengths of the self-etch adhesives were significantly lower in the specimens without an oxygen-inhibited layer. The oxygen-inhibited layer therefore appeared to promote higher enamel bond strength.
INTRODUCTION
The demand for esthetic dental materials has led to the development of bonding techniques that provide adequate adherence to both enamel and dentin. The number of steps required for bonding procedures has been reduced, in order to limit the technique-sensitive factors that affect the bonding ability of adhesive systems 1) . Recently developed single-step self-etch adhesives combine the functions of etching, priming, and bonding 2) , thereby reducing the risk of errors during restorative procedures. The single-step self-etch adhesives are applied to the tooth surface prior to the placement of resin composites; this ensures maximum adhesion by improving monomer penetration into the tooth substrate, and improves the wettability of the tooth surface by the resin components. Incomplete infiltration of the resin components into the tooth substrate might reduce the bond strength as well as the durability of the restoration. Another advantage of single-step self-etch adhesives is that the infiltration of the resin monomer occurs simultaneously with the etching process, thereby reducing the risk of discrepancies between the depth of demineralization and monomer infiltration 3) . Light-cured resins leave behind a soft and sticky superficial layer after polymerization. This oxygeninhibited layer is always produced when a composite or bonding resin is polymerized in air 4) . Oxygen reacts with carbon-based polymerizing free radicals in a diffusioncontrolled manner to form peroxy radicals. These are much less reactive towards double bonds, which significantly retards the polymerization reaction 5) . They also quench the excited triplet states of camphorquinone, thereby limiting the initiation stage of the polymerization reaction 6) . It remains unclear whether the oxygeninhibited layer is required for the coupling of a resin composite to an existing resin composite. Some previous studies suggested a positive correlation between the presence of an oxygen-inhibited layer and composite bonding 7, 8) , whereas others reported no significant differences 9, 10) or even a negative correlation 11) . The presence of an adequately thick oxygen-inhibited layer was reported to be necessary for the bonding of resin composites to adhesive resins 12) . Although excessive light irradiation of the adhesives tended to increase the degree of conversion, it decreased the thickness of the oxygeninhibited layer, leading to lower bond strength to tooth substrates. By contrast, the presence of a nonpolymerized adhesive-surface film was reported not to affect bonding to an overlying resin composite 13, 14) . The increasing acceptance of single-step self-etch adhesives has called into question the role of oxygen inhibition in enamel bonding. Oxygen inhibition of acidic self-etch adhesives can have an adverse influence on bond strength, particularly when they are combined with self-cured resin composites 15, 16) . This phenomenon can be attributed to the detrimental activities of acids when they come into contact with self-cured resins. The uncured acidic monomers diffuse into the overlaying curing resin, and react with the aromatic tertiary amine co-initiator (Lewis base) of the composite, thus preventing adequate polymerization at the interface 17, 18) . The incomplete polymerization of the adhesives can accelerate the water-degradation effects 19) , leading to inferior bonding durability. However, the deprotonization of an acidic adhesive monomer with an admixed anion exchange compound, which was added to an intermediate self-cured resin, was reported to overcome this incompatibility 20) . The precise role of the oxygeninhibited layer in enamel bonding remains to be resolved.
The acid-base properties (in the Lewis sense) of polymers make a dominant contribution to the interfacial interactions with liquids that can potentially form hydrogen bonds. Fowkes 21) was the first to use the acid-base concept in applications based on surface chemistry. According to his theory, the acid-base properties of solids can be quantitatively characterized by the contact angle technique. There has been a focus on the interactions between phases across bonding interfaces, and on the types of force acting between the molecules, and is has been assumed that different types of force that act independently of each other are needed. Based on the theory of interfacial interactions, surface energy is assumed to have two components: non-polar (hydrophobic) and acid-base (hydrophilic) interactions 22) . The current study examined the influence of the oxygen-inhibited layer on the surface free energy of single-step self-etching adhesives applied to enamel surfaces. The shear bond strengths to bovine enamel of adhesives with and without an oxygen-inhibited layer were also examined. The null hypothesis was that the surface free energy and the enamel bond strength of single-step self-etch adhesives were not affected by the presence of an oxygen-inhibited layer.
MATERIALS AND METHODS
The single-step self-etch adhesive systems used were Bond Force (BF; Tokuyama Dental, Tokyo, Japan), Clearfil tri-S Bond (CT; Kuraray Medical Inc., Tokyo, Japan), and G-Bond Plus (GB; GC Corp., Tokyo, Japan), as listed in Table 1 . The light-cured resin composite Clearfil AP-X (Kuraray Medical Inc.) was used as a restorative.
An Optilux 501 visible-light-activating unit (SDS Kerr, Danbury, CT, USA) was used, and the power density (800 mW/cm 2 ) of the light output was checked with a dental radiometer (Model 100; Demetron, Danbury, CT, USA) before the specimens were manufactured.
Mandibular incisors that had been extracted from cattle aged 2-3 years were used as a substitute for human teeth. After removing the roots using a slow-speed saw with a diamond-impregnated disk (Isomet; Buehler Ltd., Lake Bluff, IL, USA), the pulp was removed, and the pulp chamber of each tooth was filled with cotton to avoid penetration of the embedding media. Each tooth was then mounted in self-curing acrylic resin (Tray Resin II; Shofu Inc., Kyoto, Japan) to expose the labial surface of the enamel, and was placed in tap water. The final finish was accomplished by grinding the surface with wet #600-grit silicon carbide paper. The surfaces were then washed and dried with oil-free compressed air. The adhesives were applied to the enamel surface for the time periods recommended by the manufacturers (Table 2 ). Each treated enamel surface was dried with oil-free compressed air at a pressure of 0.2 MPa administered from a point 5 cm above the surface using a three-way syringe, and light irradiated for 10 s. The specimens were then used for contact-angle measurement in the presence or absence of the oxygen-inhibited layer. To produce specimens without an oxygen-inhibited layer, the top surface of the adhesive was removed with an ethanol-impregnated cotton pellet. The surface free energies were determined by measuring the contact angle on the surface for three test liquids, distilled water, 1-bromonaphthalen, and ethylene glycol, each of which has known surface free-energy parameters ( Table 3 ). The Drop Master DM500 apparatus (Kyowa Interface Science, Saitama, Japan) was fitted with a charge-coupled device (CCD) camera, which allowed automatic measurements of the contact angles to be taken 23) . For each test liquid, the equilibrium contact angle (Ө) was measured using the sessile-drop method at 23±1°C for five specimens of each adhesive. The surface free-energy parameters of the solids were then determined based on the fundamental concepts of wetting 24) . The Young-Dupré equation describes the work of adhesion (W) for a solid (S) and a liquid (L) that are in contact as follows:
Here, γSL is the interfacial free energy between the solid and the liquid, γL is the surface free energy of the liquid, and γS is the surface free energy of the solid.
By extending the Fowkes equation, the γSL is expressed as follows:
Here, γ is the surface free energy, LW denotes the 
The Ө values were determined for the three test liquids.
The adhesive surface-energy parameters were calculated based on the equations using add-on software, and the interface measurement and analysis system (FAMAS; Kyowa Interface Science).
The mandibular incisors were prepared as described above. After ultrasonic cleaning with distilled water for 1 min to remove excess debris, the surfaces were washed and then dried with oil-free compressed air. A piece of double-sided adhesive tape, with a 4-mm-diameter hole, was firmly attached to define the adhesive area of the enamel for bonding. Each adhesive was applied to the enamel surface according to the manufacturers' instructions ( Table 2 ). To produce specimens without an oxygen-inhibited layer, the top surface of the adhesive was removed with an ethanol-impregnated cotton pellet. A Teflon (Sanplatec Corp., Osaka, Japan) mold, 2.0 mm in height and 4.0 mm in diameter, was used to shape the restorative resin and to hold it in place on the enamel surface. The resin composite was condensed into the mold and light-cured for 40 s. The finished specimens were transferred to distilled water and stored at 37°C for 24 h.
Ten specimens per group were tested in a shear mode using a shear knife-edge testing apparatus in an Instron testing machine (Type 5500R; Instron Corp., Canton, MA, USA) at a cross-head speed of 1.0 mm/min. The shear bond-strength values (in MPa) were calculated from the peak load at failure divided by the specimen surface area. After testing, the specimens were examined under an optical microscope (SZH-131; Olympus Ltd., Tokyo, Japan) at a magnification of ×10 to define the location of the bond failure. The type of failure was determined based on the percentage of substrate-free material as adhesive failure, cohesive failure in composite, or cohesive failure in enamel.
The results were analyzed by calculating the mean and standard deviation for each group. The data for each group were tested for homogeneity of variance using Bartlett's test, and the Student's t-test (=0.05) was used to compare the differences according to the presence or absence of an oxygen-inhibited layer. One-way analysis of variance (ANOVA) and Tukey's honestly significant difference (HSD) test were also used to compare the adhesive systems (=0.05). All statistical analyses were carried out using the Sigma Stat software system version 3.1 (SPSS Inc., Chicago, IL, USA).
RESULTS
The surface free energies and their components for the cured adhesives on the enamel surfaces are shown in Table 4 . The total surface free energy (γS=γS LW +γS AB ) values were significantly higher when the oxygeninhibited layer was removed (Fig. 1) . For all of the The enamel bond strengths of specimens with or without an oxygen-inhibited layer are shown in Table 5 . For all of the self-etch adhesives tested, the bond strength was significantly lower in specimens with the oxygeninhibited layer removed (12.8-14.4 MPa) than in specimens with the oxygen-inhibited layer present (15.8-17.7 MPa). The mode of failure appeared to be associated with the bond strength: the predominant mode was cohesive failure in enamel for specimens with an oxygen-inhibited layer, whereas it was adhesive failure for specimens without an oxygen-inhibited layer.
DISCUSSION
Bonding relies on resin tag formation in the etched enamel surface, which creates micromechanical interlocking. The depth of the selective hydroxyapatite removed during the self-etching primer application might depend on the type and concentration of acidic monomers that are employed, the duration of etching, and the chemical composition of the surface enamel. When the resin fails to infiltrate the deeper regions of the enamel prisms, the resin-enamel bond strength might become weakened by long-term exposure to the oral environment. An ultra-morphological examination of the enamel-resin interface revealed empty spaces in the hybridized area of the enamel with the use of an adhesive system 25) . Incomplete impregnation into the etched enamel by the resin could allow water to leach into the bonding agent, resulting in swelling and plasticization. Water might accelerate the hydrolysis and extract poorly polymerized resin oligomers. This deterioration in the mechanical properties of the resin might contribute to the decrease in the enamel bond strength. Table 4 Surface Optimal wettability is important to enable the adhesive material to spread across the entire adherend surface and to establish adhesion 26) . The factors that influence the wetting of a solid by a liquid include the relative surface free energy of the former and the surface tension of the latter. To achieve optimal wettability, the surface free energy of the solid (γS) must be maximized, and the liquid should exhibit a lower contact angle to the solid [21] [22] [23] . The surface tension component γS LW can be obtained by solving the complete Young equation 27) , and is due to three distinct interactions: randomly oriented permanent dipole-permanent dipole (orientation) interactions; randomly oriented permanent dipoleinduced dipole (induction) interactions; and fluctuating dipole-induced dipole (dispersion) interactions. The γS LW constitutes the most significant term for condensed phases. In the current study, the γS LW values of the adhesive surfaces were relatively constant (37.4-39.5 mJ•m −2 ) regardless of the presence or absence of an oxygen-inhibited layer, and there were no significant differences among the adhesives used. This could be attributed to the adsorption of a so-called atmospheric contamination layer, particularly if the surface was activated chemically and/or mechanically 28) . Variation in the wettability of different self-etch adhesives is influenced by the Lewis acid and base interactions. The acid component (γ + ) at the interface interacts with the base component (γ − ). These interactions, some of which were numerically small, might have been the determining factor in the wettability of the cured adhesives (Table 4) .
Some previous studies investigating the influence of the oxygen-inhibited layer of adhesives on bond strength used specimens that were prepared under a nitrogen gas atmosphere in order to eliminate oxygen inhibition 13, 14) . Light irradiation under inert conditions is a more efficient method of eliminating oxygen inhibition. In clinical situations, it is difficult to provide atmospheric conditions that will eliminate oxygen inhibition. Hence, in the current study, the cured adhesive surfaces were wiped with ethanol-impregnated cotton pellets before resin composite placement in order to produce the specimens without oxygen inhibition. Previous studies employing either a nitrogen gas atmosphere or the ethanol removal method to eliminate oxygen inhibition from adhesive surfaces showed no significant differences in bond strength 20) . Therefore, the use of ethanolimpregnated cotton to remove the oxygen-inhibited layer appears to be an acceptable method for determining its effects on the bonding characteristics of single-step self-etch adhesives.
In the current study, significantly higher bond strengths (Table 5 ) and significantly lower γS values (Table 4) were obtained when the oxygen-inhibited layer was retained. In aqueous media, the polar or γS AB interfacial terms mainly comprise the interactions between hydrogen donors and hydrogen acceptors, or, more widely, those between all electron acceptors (γ + ) and electron donors (γ − ) 24) . Removal of the oxygeninhibited layer resulted in significant increases of the γS AB values, leading to significantly higher γS values. The γS LW value was not notably affected by the removal of the oxygen-inhibited layer; however, the γS + value slightly increased, and the γS − substantially decreased, following its removal. The changes in the surface characteristics might explain the observed increases in the γS values. A previous study reported that the γS − values of composites were significantly related to the bond strengths 24) . This correlation was attributed to the acidity of the cured adhesive surfaces, on which the Lewis-base component of the γS remained, which might act as electron donors. Increasing the Lewis-base component of surface free energy might be expected to increase the interactions between resin composites and more acidic adhesive surfaces. Although the acidic functional monomers adversely affect the polymerization reaction, the remaining oxygen-inhibited layer might enhance the bond strength between the adhesives and the resin composites. The single-step self-etch adhesive layer in the current study was around 10-µm thick, whereas the oxygen-inhibited layer was much thinner. The relatively thin oxygen-inhibited layer might have allowed complete diffusion of the photo-initiator into the overlying composite, resulting in higher bond strength. The presence of a proton donor in the oxygen-inhibited layer could allow higher bond strengths to be obtained with the adhesives used in this study.
To improve polymerization in the presence of acidic monomers, accelerators such as aromatic sulfinic-acid sodium salts have been incorporated, together with initiator systems, into adhesives 29) . Adverse interactions are not generally expected between acidic monomers and light-polymerized catalysts, as the light polymerization reaction is much faster than the chemical polymerization reaction. An alternative explanation for the bond strengths observed in the current study could be the occurrence of a time-dependent acid-base reaction between the remaining acidic functional monomers and the mineral components of the dentin substrate. The etching effect of the self-etch adhesive might be ended by a reaction with the mineral component of the dentin substrate followed by polymerization, which could reduce the free acidic monomers relatively rapidly. A previous report focusing on the effects of self-etching primers on the continuous demineralization of dentin showed that the etching effect of the acidic functional monomer was not stopped by the polymerization of the adhesives. Residual acid could be consumed and neutralized by a reaction with hydroxyapatite from the dentin substrate 30) . The current study suggested that the presence of an oxygen-inhibited layer in single-step self-etch adhesives promoted higher enamel bond strength. The oxygeninhibited layer, on which the Lewis-base component of γS remained, acted as an electron donor, which accelerated the polymerization reaction at the adhesive-resin composite interface. Further research is needed to determine the effects of functional monomers and to confirm that these findings are consistent with clinical performance.
